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I. — On  the  Relation  of  the  Physical  Properties  of 
Aqueous  Solutions  to  their  State  of  Ionization. — 
By    Professor  J.   G.   MacGregor,  Dalhousie    College, 

Halifax,  K  S. 

( Comvxnnirated  IJfth  December,  1896.) 

It  has  often  been  pointed  out  that,  according  to  the  dissocia- 
tion or  ionization  conception  of  the  constitution  of  a  solution  of 
an  electrolyte,  the  difference  between  the  physical  properties  of 
one  in  which  ionization  is  complete  and  those  of  the  solvent 
must  be  compounded  additively  of  the  differences  produced  by 
the  two  ions.  It  would  seem  to  be  equally  obvious  that,  in  the 
case  of  solutions  in  which  the  ionization  is  not  complete,  the 
differences  referred  to  must  be  similarly  compounded  of  those 
produced  by  the  undissociated  molecules  and  by  the  free  ions  ; 
and  if  so,  it  vshould  be  possible  to  express  the  numerical  values 
of  the  various  properties  in  terms  of  the  state  of  ionization* 
Such  an  expression  would  take  its  simplest  form  in  the  case  of 
solutions  so  dilute  that  the  molecules,  dissociated  or  undisso- 
ciated, might  be  regarded  as  sufficiently  far  apart  to  render 
mutual  action  between  them  impossible,  and  in  these  circum- 
stances the  change  prxluced  in  the  properties  of  the  solvent  by 
the  undissociated  and  the  dissociated  molecules  respectively 
might  be  expected  to  be  simply  proportional  to  their  respective 
numbers  per  unit  of  volume.      It  is  the  object  of  this  paper  to 
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tewt  the  applicability  to  sufficiently  dilute  solutions,  of  such  an 
expression,  viz., 


P  =  P„,  +k(l  —  a)n  +  Ian, . 


(I) 

where  P  is  the  numerical  value  of  any  property  (density,  &e.), 
Fw  that  of  the  same  property  of  water  under  the  same  physical 
conditions,  n  the  molecular  concenti-ation  of  the  solution,  i.  c, 
the  number  of  gramme-eciuivalents  of  the  dissolved  substance 
per  unit  volume  of  the  solution,  «  the  ionization-coefficient  (tni 
and  (1 — a)n  consequently  the  numbers  of  dissociated  and  undis- 
sociated  gramme-equivalents  per  unit  of  volume  respectively, 
and  ^•  and  t  constants,  which  may  be  spoken  of  as  ionization- 
constants,  which  will  vary  with  the  solvent,  the  substance 
dissolved,  the  property  to  whicli  they  apply,  the  temperature, 
and  the  pressure,  but  not  with  the  concentration  of  the  solution. 
The  formula  can  obviously  apply  ordy  to  pi'operties  for 
which  P|^  has  a  finite  value.  Thus  it  is  inapplicable  to  electrical 
resistance,  for  which  Fw  would  have  a  practically  infinite  value. 

SIMPLE   SOLUTIONS. 

In  order  to  test  the  applicability  of  the  above  expression  I 
have  determined  the  ionization-constantsfor  the  density,  thermal 
expansion,  viscosity,  surface-tension,  and  refractive  index  of 
solutions  of  Sodium  and  Potassium  Chloiides,  by  the  aid  of 
observations  made  by  Bender  *,  Bruckner  f ,  and  Rother  I.  1 
selected  these  observations  as  a  first  instalment,  not  because  of 
their  precision  (for  in  one  or  two  cases  more  exact  observations 
are  available),  but  because  these  observers,  iu  all  cases  but  one, 
determined  the  values  of  the  above  properties  for  mixtures  of 
solutions  as  well  as  for  simple  solutions.  I  selected  the  above 
chlorides  partly  because  I  thought  it  well  to  begin  with  salts  of 
simple  molecular  structure,  but  largely  also  because,  for  the  pur- 
pose of  calculating  the  conductivity  of  mixtures  of  them  (as 
described  in  my  paper  on  this  subject  §),  I  had  already  obtained 
interpolation  formulae  and  curves  which,  judged   by  the  results 

*  Wied.  Ann.  vol.  xxii.    (1884)  p,  184,  and  vol.  xxxix.  (1890)  p.  89. 

t  Ibid.  vol.  xlii.  (1891)  p.  293.  t  Ibid.   vol.  xxi.   (1884)  p.  576. 

g  Trans.  N.  S.  Inst.  Sci.  ix.  (1896)  p.  101 ;  and  Phil.  Mag.  [5]  xli.  (1896)  p.  276.   - 
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of  that  paper,  jrave  with  considerable  accuracy  the  ionization- 
coefficients  of  the  simple  st)lutions  of  these  salts  in  terms  of 
their  molecular  concentration.  To  save  space  I  may  tabulate 
here  the  values  of  the  ionizalion-coerticients  used  in  the  calcula- 
tions for  simple  solutions.     They  are  as  follows  : — 


SODICM    CHLUKIDK. 

I'OTASailM    CIILOKIDK. 

Grin.-iiiolN. 
por  litre. 

loni/ation- 

cocttlcient  at 

18'  C. 

Grni.niola. 
per  litre. 

lonizntion- 

coutticient  lit 

18'  C". 

26 

•8028 
1-0 
1-5 

I'Ki'j;^ 

2-0 
2  5 

2-Km 

^•0375 

•702 

'TAQ 

•08(J0 

•676 

•(«)1 
•aim 

•55at 

•5255 

•514 

•4516 

'1875 

•:i402 

•H75 

•5 

•685fJ 

•75 

1^0 

1^0 107 

1^4202 

1-5 

2^0 

2185 

2-5 

2^086 

^•0 

■8207 

•811 

•700 

•788 

•7(iO 

•7(J8 

•750 

•755 

■TM 

•TAl 

•712 

•7048 

•005 

•081 

■m) 

p.  276. 


Th(!se  coerticients  were  obtained  from  Kohlrausch  and 
Gr<3trian's  and  Kohlrausch's  observations  of  conductivity  at 
18"  C*  In  obtaiiiinfT  them  I  took  the  specific  molecular  con- 
ductivity (referred  to  mercury)  at  infinite  dilution  to  be 
1210  X  lO-«  for  KCl,  and  1028  x  10-»  for  NaCl,  not  being  aware 
at  the  time  that  Kohlrausch  had  given  1220  and  1080  respec- 
tively as  more  exact  values.  Nevertheless,  to  save  labor,  I  have 
used  the  above  values  of  a  in  the  calculations  of  this  paper, 
liaving  satisfied  m3'self  by  a  re-calculation  in  one  case  that 
no  appreciable  difference  in  the  results  would  be  produced 
by  the  emplojMuent  of  more  exact  values.  It  will  be  noticed 
that  in  one  or  two  cases  the  above  values  of  «  are  obviously  a 
little  out ;  but  they  would  seem  to  be  sufficiently  accurate  for 
my  purpose.     I  did  not  foresee  the  extent  of  the  calculati(ms, 

•  Wicd.  Ann.  vi.  (1879)  p.  37,  niul  xxvi.  (1885)  p.  195. 
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or  1  should  have  determined   all   the   values  of  a  recjuiied  at 
the  outset,  and  cheeked  them  by  comparison  with  one  another. 

I  have  determined  the  ionization-constants  {k  and  /)  in  all 
cases  in  which  more  than  two  observations  of  a  property  on 
solutions  of  sufficient  dilution  were  available,  by  the  method  of 
least  s((uares.  The  constants  thus  determined  and  used  in  the 
calculations  are  tabulated  below.  In  all  cases  the  available 
observations  had  been  imade  on  solutions  of  such  ^reat  concen- 
tration that  the  values  of  the  constants  obtained  cannot  be 
regarded  as  exact ;  but  the  calculations  may  serve  as  a  test  of 
the  general  applicability  of  the  expression  referred  to  above. 
The  only  available  observations,  as  far  as  I  know,  on  solutions 
of  sufficient  dilution  for  the  determination  of  the  ionization- 
constants  and  tiie  limits  of  concentration  within  which  the 
above  expression  is  applicable,  are  those  b}'  Kohlrausch  and 
Hallwachs*  on  the  specific  gravity  of  dilute  solutions,  from 
which  two  of  my  students  have  undertaken  to  determine  the 
density- constants  for  the  salts  and  acids  examined. 

With  regard  to  the  observations  which  I  used  in  determining 
the  various  ionization-constants,  the  following  statements  should 
be  made  : — 

Bender's  determinations  of  density  {i.  e.  specific  gravity 
referred  to  water  at  4°  0.)  were  made  at  L5°  C,  but  were 
readily  reduced  to  18°  by  the  aid  of  his  observations  on  the 
thermal  expansion  between  15°  and  20°  of  the  same  solutions. 
According  to  his  statement,  the  fourth  place  of  decimals  in  his 
values  may  be  in  error  by  ±2  or  ±3.  The  density  of  water 
was  laken  lo  be  099863. 

Bender's  determinations  of  thermal  expansion  are  for  the 
interval  between  15°  and  20°  C,  and  will  therefore  be  sufficiently 
nearly  proportional  to  the  coefficients  of  expansi(m  at  18°  for 
my  purpose.  He  considers  that  they  may  be  in  error  by  ±2  in 
the  sixth  place  of  decimals.  On  plotting  his  observations,  how- 
ever, it  becomes  obvious  that  they  do  not  all  attain  this  degree 


*  Wied   Ann.  liil.  (1894)  p.  14. 
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of  accuracy.     The  expansion  of  water  was  taken,  according  to 
his  observations,  to  be  0  0^878  for  the  same  interval. 

Bruckner's  observations  of  viscosity  were  made  at  15°  C; 
but  he  gives  an  interpolati(m  formula,  applicable  between  lo" 
and  20°,  by  means  of  which  at  least  approximate  values  for  18" 
were  obtained.  His  values  for  water  at  15°  and  20°  do  not 
agree  well  with  those  given  by  Landolt  and  Bornstein.  I  have 
therefore  taken  0010613  as  the  viscosity  at  18°  of  the  water 
used  by  hiu),  a  value  which  has  to  his  value  at  15°  the  same 
ratio  as  Landolt  and  Bornstein's  for  the  same  totnperatures. 
The  actual  concentrations  of  Briickners  solutions  ditiered  from 
those  given  in  the  tables  below  by  about  01  per  cent.  ;  but  so 
small  a  difl'erenco  could  produce  no  appreciaV»le  error  in  the 
result.  He  gi\es  as  his  "  mean  probable  error  of  observation," 
±2'4  in  the  fifth  place  of  decimals  for  sodium-chloride  solutions, 
and  ±18  for  those  of  potassium  chloride. 

Rothei'.s  observations  of  surface-tension  were  made  at  15° 
and  are  therefore  not  precisely  contparable  with  calculated 
values  based  on  the  values  of  ionization-coefficients  for  18°. 
From  Kohlrausch's  data,*  however,  it  would  appear  that 
between  15°  and  18°  in  the  case  of  potassium-chloride  solutions 
containir)g  0  5  and  3  gramme-molecules  per  litre,  the  ionization- 
coefficient  changes  only  by  about  013  and  13  per  cent,  respec- 
tively; and  in  the  case  of  .sodium-chloride  solutions  of  the  same 
concenti-ations  only  by  about  04  and  06  per  cent  respectively. 
For  the  more  dilute  solutions,  therefore,  my  calculations  will  be 
practically  comparable  with  Rother's  observations.  He  .seems  to 
regard  his  determinations  as  possibly  in  error  by  ±5  to  8  in  the 
the  third  place  of  decimals.  The  sui'face-tension  of  the  water 
he  used  he  found  to  be  7"357. 

Bender's  observations  of  refractive  index  were  made  at 
15°  C,  but  were  reduced  to  18°  by  means  of  data  provided  in 
his  paper,  based  on  observations  made  by  Fouqu6f.  The 
refractive  index  of  the  water  he  used  he  found  to  be  1  "333 10 

"Wieil.  Ann.  .vxvi.  (1885)  p.  223. 
Wompt.  Rend.  Ixiv,  (18t)7l  p.  121. 


224    RKLATION  OF   PFIYSICAL  I'UOPEUTIES  OK   AQ'EOUS  SOI^UTfON'S 


Somi 

'M  CHLOKIDK   HOLITIONH. 

I'OTAHHICM  ClII.OKIDK  HoLUTIONH. 

1 

1 

(!rm.-       1 
inolH.i 

01)M(irvo(l 

Cillc. 

imrtTenco. 

"■■"Vnols.  Observe,! 

("ale. 

Dlfrerenco. 

\ 

per  litro. 

Viiliic. 

Value,    j 

per  Hire.     ^  "l""- 

Value, 

1 

DENSITY 

(bender's  observations). 

0.25 

l.(N)8n8 

l.(MM)l({ 

+  ().()« 18 

0.1875     l.(M)752 

1.00781 

0  Oa21 

0.5 

l.OUK^O 

1.01!>2() 

01 

0.875 

1  015(57 

1.0158(5 

4           19 

1.0 

l.o:«)25 

I.OMIHO 

15 

0.75 

i.o:«i7 

1.08278 

:{9 

1.5 

i,(».-)H;u   i.().-hi2  ' 

+         08 

1.0 

1. 04802 

1.04101  1 

4       :«) 

2.0 

1.07772 

1,07701 

71 

1.5 

l.(MM5:{0 

l.(H5(52l 

09 

2.5 

1.01 !««} 

im'ii2 

-O.OjlOl 

2.0 

1.087(57 

1.0882:1 

+         50 

2.5 

l.I075;5 

1.11(K)8 

+  0.0,,253 
+         120 

3.0 

1.18057 

1.18177 

THKKMAr,  EXPANHION    (HKNOKH'S  OBHKltVATIONH). 

0.25 

.(K)ioi:i 

.(M)1022 

-l-O.Osl)     I 

0.1875 

.onon(W 

mmm 

4  o.o^o:! 

0.5 

.001111 

.001141 

±       0    i 

0.875 

.001087 

.(N)l()40 

4-      m 

1.0 

.(HtKOT 

.(HUMID 

8     [ 

0.75 

.(K)1188 

.(M»1178 

10 

■i 

1.5 

.(HU52-2 

.(Ktl52($ 

+        4     1 

1.0 

.001240 

.(M)1255 

4-         0(5 

i 

2.0 

.OOKJO;^ 

.0Ol(J.")7 

(5     1 

15 

.(K)181)5  1  .(M»i:«)5 

±        00 

2.5 

.001770 

.(K)1701) 

7  ; 

2.0 

.(K)1.->00  i  .(M)1517 

4-           17 

I 

•,i 

.(KH870 

.001848 

0.0428  i 

2.5 

.(K)158()    .(X)l(121 

+         41 

•1 

A'ISCOHITY   (IWUCKNER'h    OBHFRVATIONS). 

i 

0.5 

.()lf«)88 

.010078 

-0.0410 

!o.5 

.010157 

.010451 

-O.O^OO 

1 

l.o 

.011180 

.011475 

05 

1  0 

.01():«)5 

.010879 

1(5 

w 

1.5 

.012018 

.012047 

01 

1.5 

.oio:i5i 

.0108(5(5 

4          15 

K 

2.0 

.012707 

(•12780 

+         28 

2.0 

.010.891 

.01():i98 

01 

X 

2.5 

.Oi;U72 

.018158 

14 

;    2.5 

.010141 

.0101.57 

4-         18 

V 

H.O 

.014873 

.014207 

-O.OglOG     8.0 

.0105(5(5  j  .010.555 

11 

* 

SURPAC'K-TEN'SION  (KOTIIER's  OBSERVATIONS). 

0.81)28 

7.182 

7.482 

iO.(Kl() 

0.8402 

7.411 

7.408 

-0.(K)3 

1,8H5;^ 

7.02!) 

7.(529 

±        0 

0.(585(5 

7  4(50 

7.4(52 

2 

2.8:^7:? 

7.780 

7.708      1    +       18 

1.0167 

7,518 

7..519 

+         1 

•A.mio 

7.1)51 

7.007 

+       48 

1.4202 
2.1851 

7.5H4 
7.705 

7.588 
7.709 

1 

+        4 

2.1)854) 

7  844 

7.840 

4-        2 

REFRACTIVE  INDEX,   D  LINE  (RENDER'S  OBSERVATIONS). 

0.5 

1.^-^824 

i.:i:^824 

-to.o^oo 

0.5 

l.aS808 

l.»^806 

4-0.0308 

1.0 

1  :^4807 

i.:m(i() 

-         01 

1.0 

1.84278 

1.81274 

01 

^'' 

1.5 

1  :il770 

1.84770 

4-       (K) 

1.5 

l.:i4721 

l.;il722 

4-         01 

2.0 

1.H521S 

1.8520(5 

-         07 

2.0 

1.8.5179 

1.85158 

-         21 

'■r 

2.5 

1  l.H507:^ 

]:Arm2 

1 

41 

2.5 

1.85(528 

1.8.5582 

i-         *1 
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HOLUTIONM. 


DKreronco. 


0  ()j,21 

4          1» 

:«) 

+      .*w 

(«) 

+        50 

+  o-o^ariS 

+        120 

0 

I)  + 

r»  + 

+ 
+ 


4  0.()^(« 

10 
06 
00 
17 
41 


-0.0^06 

» 

16 

1 

4          15 

1 

01 

+         13 

11 

lit  IS"  for  the  D  line.     He  seeiDs  to  regard  his  obsorvationn  as 
possildy  in  (UTor  l)j'  ±1  in  tlie  fourth  decimal  phiee. 

Thetanlos  on  pn^'e  224  contain  tlie  rijsults  of  the  calouhitions 
of  the  vahu's  of  the  physical  properties  inentioned,  with  both 
the  observed  values  on  which  the  deverniination  of  the  con- 
stants was  liHsed,  and  a  few  additiontd  observed  values  for 
stronjyjei'  solutions. 

The  follovvinfT  comments  may  be  made  on  these  tables: 
Devftifi/. — NaCl.  The  first  four  observations  were  u.se'd  in 
detertninin^'  the  constants  ;  and  up  to  a  concentration  of  V5 
the  ditferences  are  within  the  limits  of  experimental  error,  and 
show  a  satisfactory  alternation  of  si^m. — KCI.  The  first  five 
observations  were  used.  '^Phe  differences  are  larfjfe,  but  the 
alternation  of  si^n  .shows  that  the  expression  is  applicaV)le  On 
plottiiiir  Bender's  values  tlusv  lO'e  readily  seen  not  to  lie  on  a 
smooth  curve. 

Thermal  Expansion  —  NaCl.  The  first  four  observation.s 
were  used.  The  differences  up  to  a  concentration  of  2  5  are 
probably  within  the  limits  of  experimental  error,  and  their 
alternation  of  sicrn  is  .satisfactory. — KCI.  The  first  five  obser- 
vations were  used.  The  differences  are  not  so  satisfactory  as  in 
the  case  of  the  sodium  salt  either  as  to  majjnitude  or  sign  ;  but 
on  plottinf^f  the  observations  the  third  is  seen  to  be  somewhat 
out ;  and  it  is  obviously  to  this  observation  that  the  defective 
afifi'eement  is  due. 

ViKCOsit}/. — NaCl.  The  first  five  obr.ervations  were  used. 
The  differences  are  within  the  limits  of  error,  but  the  signs  are 
not  satisfactory.  The  fourth  observation,  however^  appears  to 
be  defective.  Miitzel*,  in  applying  a  formula  for  viscosity  in 
terms  of  density  and  concentratiou  to  these  observations,  found 
also  that  this  observation  was  out.  It  is  worth  noting,  al.so, 
that  Miitzel  found  his  foi'mula,  which  expressed  the  increase  of 
viscosity  due  to  the  salt  in  solution  on  the  assumption  that  the 
only  action  occurring  was  between  salt  and  water,  was  applicable 

*Wied.  Ann.  xliii.   (1891)  p.  35. 
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to  only  the  first  five  of  the  above  observations.  To  represent 
the  viscosity  of  stronger  solutions  he  had  to  introduce  a  term 
expressing  the  effect  due  to  the  mutual  tiction  of  the  molecules 
of  salt. — KCl.  All  six  observations  were  used.  The  agreement 
in  this  case  is  quite  satisfactory. 

Surf  ace-Ten  fiion. —  NaCl.  Only  two  observations  on  suffi- 
ciently dilute  solutions  were  available,  and  the  applicability  of 
the  foi'tnula  cannot  therefore  be  tested.  The  constants  were 
found,  for  use  in  the  calculation  of  the  surface-tension  of 
mixtures. — KCl.  The  fi).«t  four  observations  were  used,  and  the 
agreement  is  quite  satisfactory  up  to  a  concentration  of  3  grm.- 
mols.  per  litre. 

Refractive  Index. — In  the  case  of  both  salts  the  first  three 
observations  were  used,  and  in  both  the  agreement  is  quite  satis- 
factory up  to  a  concentration  of  about  2  grm.-mols.  per  litre. 

The  above  tables  seem  to  bo  at  any  rate  quite  consistent 
with  the  possibility  of  expressing  the  values  of  at  least  five  of 
the  phyMicjil  properties  of  moderately  dilute  solutions  in  terms 
of  their  state  of  ionizati()n.  I  hope  to  find  leisure  at  an  early 
date  to  extend  the  investigation  to  solutions  of  salts  and  acids 
of  a  more  complex  character  and  to  other  properties. 

The  following  are  the  ionization-constants  used  in  the  above 
calculations'  .■ — 


- 

SODILM  CHI.OUIUK 

I'OT.VSSIIM  CHI.OKinE. 

k. 

I. 

k. 

l. 

L^ensity 

Thermal  Expansion. 

Viscosity    

Surface-Tension  . . . 
Refi-active  Index.. . 

+  -OSOSll 
-  0001445 

+  mmn 

+  -20574 

+  '0oo;«8 

+  -045079 
+  -C007058 
+  -(KlOlnOt 
+  -11001 
(   011713 

+  •0:X)43 
-  -000614 

+  -ooiyai 

+  -24240 

4-  -0()27H.-)3 

+ -048591 
+  -00069085 
-  -0009217 
+  -1268(XJ 
+ -011853 
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These  constants  are  obtained  from  solutions  of  too  great 
concentration  to  be  regarded  as  exact  values.  Nevertheless  it 
may  be  admissible,  tentatively,  at  least,  and  so  far  as  these  two 
salts  are  concerned,  to  draw  the  following  conclusions: — Undis- 
sociated  and  dissociated  molecules  are  nearly  equally  effective  in 
increasing  the  density, — those  dissociated,  however,  being  some- 
what the  more  effective  of  the  two.  (2)  Undissociated  molecules 
diminish  the  thermal  expansion,  those  dissociated  increasing  it  to 
a  greater  extent.  (3)  In  the  case  of  viscosity  it  is  the  undis- 
sociated  njolecules  which  have  the  preponderating  influence, 
those  dissociated  having  but  a  slii^ht  effect,  which  may  be  an 
increasing  or  a  diminishing  effect.  Thus  Arrhenius's  expecta- 
tion that  all  dissociated  ions  would  be  found  to  diminish 
viscosity  seems  to  be  only  partial!}^  realized,  though  possil:)ly 
from  observations  on  more  dilute  solutions,  both  I's  might  be 
found  to  be  negative.  (4)  In  the  increase  of  surface-tension 
the  undissociated  molecules  have  about  twice  as  great  an  influ- 
ence as  the  dissociated.  (5)  In  increasing  the  refractive  index 
it  is  the  dissociated  molecules  which  have  the  preponderating 
influence  ;  and  their  superiority  is  greater  in  increasing  the 
refractive  power  than  increasing  the  density. 


II  the  above 


ciihouum. 

L 

i 

+ -048591 

1 

f  -OOOGflOSS 

- •0009217 

+  -126806 

+  •011858 

MIXTURES    OF    SOLUTIONS. 

For  a  solution  containing  several  salts,  1,  2,  etc.,  the  value  of 
a  property,  according  to  the  conception  under  cons',  ieration, 
will  be  : — 

the  ns  being  numbers  of  gramme-equivalents  per  unit  volume 
o  the  solution.  If  the  solution  have  been  formed  by  the 
mixture  of  the  volumes  Vi  and  Va  of  two  simple  solutions 
of  salts,  having  one  ion  in  common,  for  which,  before  the  mix- 
ing, the  property  had  the  values  : — 

I'a  =  ^^t.  +  ^'2  (1  -  "2)  "2  +  ^2«2"2'  •* 

then,  since  on  mixing,  the  state  of  ionization   will,  in  jreneral, 


m 
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change,  we  shall  have  as  the  value  of  the  property  for  the 
mixture,  assuming  no  chancre  of  volume  on  mixing, 

P=P»-  +  (A;i(l-«i')Hi+^rr/,M)-57r  +(A'2(l-«2')«2  +  ^2''VH2)-r''lV'  -"^^ 

the  nn  being  numbers  of  gramme-equivalents  per  unit  volume 
of  the  original  simple  solutions,  and  «i'  and  «._,'  being  the 
ionization-coeffieients  in  the  mixture  As  the  values  of  the  k'a 
and  I'f  have  been  determine<l  above  for  sodium  and  potassium 
chloride  for  a  number  of  properties,  and,  as  I  have  shown  in  my 
paper  on  the  "  Conductivity  of  Mixtures,"  cited  above,  how  the 
ionization-coefHcients  after  mixing  may  be  determined,  it  should 
be  possible  to  predict  the  values  of  these  properties  for  mixtures 
of  solutions  of  these  salts. 

The  following  tables  show  that  this  can  bo  done.  The 
ionization-coeffieients  were  determined  in  the  way  described  in 
the  paper  referred  to.  The  constants  k  and  I  employed  in  the 
calculations  were  those  determined  above.  The  observations 
were  made  by  the  authors  whose  determinations  for  simple 
solutions  were  used  aVx)ve  ;  in  fact  in  most  cases  it  was  the 
solutions  of  the  tables  given  above  which  were  mixed.  The 
limits  of  experimental  error  are  thus  of  about  the  magnitudes 
mentioned  above  in  each  case.  All  remarks  maile  above  with 
regard  to  the  reduction  of  observations  to  IS"  C,  the  values  of 
the  property  for  water,  etc.,  apply  also  to  the  mixtures.  In  all 
cases,  except  that  of  surface-tension,  the  solutions  mixed  were 
mixed  in  eipjal  volumes.  Unfortunately,  Bender  made  no 
observations  on    the   refracting   power  of  mixtures. 
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Constituent  Solti- 

lonixiition 

tions  ((^nn.iiiols. 

Coeflloicnts  in 

per  lil,re.> 

Mixture. 

01)served 
Value. 

Calculated 
V^uluu. 

Differeneo. 

NaCn. 

KC'l. 

NaCl. 

KCl. 

'                                DKNSITY   (nKNDER'S  OB8KRVATIONS). 

10 

0.1875 

.72(!8 

.7720 

1.02358 

1.02:^50 

-0.03(KS 
-       .  19 

tk 

O.U75 

.714 

.7025 

l.(r2785 

1.027(5(5 

t( 

0.75 

,088 

.7(520 

i.o:«>u 

HMM) 

41 

»4 

1.0 

.0728 

.7(J.'i2 

1.04139 

1.01158 

+         19 

(fc 

1.5 

.(UOl 

.7478 

1.05293 

1.052(53 

-  0.0,.3() 

i( 

:iO 

.0U3 

.728.3 

1.(I8.")80 

1.08595 

+         15 

THERMAL  KXPANHION    (BKNDER'B  OBSERVATIONS), 

1.0 

0.1875 

.7208 

.7720 

.(K)1174 

.001174 

io.o^oo 

05 

(4 

0.H75 

.711 

7025 

.(K)1208 

.001203 

«( 

0.75 

.(W8 

,7029 

.001275 

.0012(54 

11 

ti 

1.0 

.0728 

.7032 

()01207 

.001305 

+         OS 

a 

1.5 

AW.n 

.7478 

.001370 

.(M)1370 

J-        (K) 
+        53 

«( 

3 

.014^^ 

.7283 

.001513 

,(301.5J)0 

VISCOSITY   (HRUCKNER'H   (mSERVATIONS). 

1.0 

0.5 

.7050 

.7035    1   .010040 

.010947 

+  (J.  0,07 

«( 

1.0 

.0728 

,7(532    1   .0)0018 

.010020 

-r            ()2 

ki 

1.5 

.0101 

.7478     1    .01087(5 

.010915 

+        39 

>i 

2.0 

.0143 

.7283    !   ,()108{)0 

1 

.010956 

+        (MJ 

SURFACE  TENSION   (ROTHER'S  oRSERVATIONS). 


CON'STITIKM'  SOU'J'ItJXS. 


C'onpoiitratidn 

(ynn. -mills.  \wv 

lili-e). 


Veil  nine 
(litres.) 


\a(M. 


KCl.    I  NnCl.        KCl. 


Ionization 

Cocftlcients  in 

Mixture. 


NaCl. 


0.88(52   0.(5830  0.11187  0.11.515  O.iWm 

1.8109    1.411    ().13<M)3  0.14(HH5  0.()(f87 

0.H821'  2.1822  0.14489  i».l.'^(r>9  0.0123 

2.8I(H5   0.(k8(52  0  13511  0.1 45U  0.()027 

1.8155,  2.9887  0.13{«H5,().  1.3241  0.5185 
I              i              I              I 


KCl. 


0.7(532 
(»  7279 
0.7311 
0.7298 
0.7125 


o 

6 

_2 

rt 

> 

> 

rs 

K* 

S  • 

Zi 

.2 

f^ 

O 

^ 

7.477 

7.472 

7.(507 

7.(502 

7.(5(10 

7.591 

7.022 

7.(51(5 

7.734 

7.810 

-  0.(K)5 
.5 
9 
0 

+   76 
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It  will  be  noticed  that  in  the  case  of  the  third  mixture  of 
the  density  and  thermal  expansion  series  (the  same  mixture) 
the  differences  are  comparatively  large;  but  it  is  obvious  from 
the  data  of  the  fourth  column  in  these  series  that  t'le  ionization- 
coefficients  have  not  been  accurately  determined  fi»r  mixtures  of 
about  the  concentration  of  the  one  referred  to.  With  these 
exceptions  the  af^reement  between  observed  and  calculated 
values  is  satisfactory,  the  ditt'erences  bein^  either  well  within, 
or  at  worst  on,  the  limit  of  observational  error,  up  to  mean 
concentrations  of  about  1.5.  The  determination  of  the  ioniza- 
tion-coefficients  was  especially  difficult  in  the  case  of  the 
surface-tension  observations,  because  Rother  mixed  equal 
weights  of  his  simple  solutions,  not  equal  volumes,  Neverthe- 
les.s,  in  all  except  the  strongest  of  these  mixtui'cs,  the  differences 
are  probably  not  beyond  the  limits  of  experimental  error. 
Obviously,  alternation  of  sign  is  not  to  be  expected  in  these 
calculations. 

RELATIVE   VALUES   OF    A     PROPEUTY     FOR    A    MIXTURE     AND     FOR 
ITS   CON.STITUENTS  :      "CORRESPONDING'    SOLUTIONS. 

As  change  of  ioniziition  in  general  occurs  on  mixing  two 
solutions,  it  follows  from  (8)  and  (4)  that  the  value  of  a  pro- 
perty for  a  mixture  of  two  solutions  having  one  common  ion 
will  differ  from  the  volume-mean,  {ViP^-{-v^'P^)/(v^-\-V2),oiL\ts 
values  for  the  constituents  by  the  amount 


t'l  +  «'2  Vi  +  t'2 


.(5) 


The  name  of  "corresponding"  solutions  has  been  given  to 
solutions  for  which  this  quantity  vanishes.  In  general  it  will 
obviously-diave  a  value,  though  that  value  may  be  small. 

In  most  cases  this  conclusion  is  borne  out  by  experience. 
But  Rother  has  concluded  i'rom  his  observations  that,  in  the 
case  of  surface-tensif)n,  throughout  a  wide  range  of  concentra- 
tion, solutions  of  all  concentrations  are  "corresponding."  Were 
this  the  case  it  would  throw  serious  doubt  on  the  possibility  of 
expre.ssing  surface-tension  in  terms  of  state  of  ionization.     If, 
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owever,  with  the  aid  of  the  constants  for  surface-tension  deter- 
mined above,  we  compute,  in  the  case  of  Sodium  und  Potassium 

hlorides,  the  difierence  between   the   value  for  a  mixture  and 

;he  volume-mean  of  the  values  for  its  constituents,  we  find  it 

,0  be  beyond  the  limit  of  Rother's  power  of  observation.     Thus, 

n  the  case  of  Ids  first  mixture  calculated  above,  the  difference 

lanjounts  to  only  0.0.,15.      His  conclusion  should  thus  have  been 

hat  the  difference,  if  any,  between  the  surface-tension  of  a 
mixture  and  the  volume-mean  of  those  of  its  constituents  was 
within  the  limits  of  his  experimental  error.  He  might  even 
have  concluded,  however,  that  there  was  probably  such  a  differ- 
ence in  the  case  of  Sodium  and  Potassium  Chlorides  ;  for  in  all 
the  mixtures  of  solutions  of  these  salts  which  he  examine<l,  the 
volume- mean  of  the  values  for  the  constituent  solutions  were 
found  to  be  less  than  the  values  for  the  mixtures. 

The  above  expression  (5)  will  vanish  if  the  constituents  of 
the  mixture  are  isohydric.  i.  e.,  have  states  of  ionization  which 
do  not  change  in  the  mixing  ;  and  it  will  vanish  in  that  case, 
whatever  the  values  of  the  other  quantities  involved  in  the 
expression  may  be.  When  the  constituents  are  not  isohydric 
the  condition  of  its  vanishing  will  be 


11 


.ih 


(6) 


fc2)(«2'-"2)''2 

"2    (^-A;i)(«i-"i'H'i 

It  is  obviously  improbable  that  in  any  case  in  which  this  con- 
dition may  be  fulfilled  the  numbers  of  gramme-equivalents  per 
litre  in  the  constituent  solutions  will  have  a  simple  relation, 
such  as  1  :  2,  4  :  3,  &c. 

The  conclusions  drawn  by  Bender  and  Biuckner  from  their 
observations  on  density,  thermal  expansion,  electrical  conduc- 
tivit}',  and  viscosity,  viz.,  that  there  is  such  a  simple  relation  in 
the  case  of  all  "  corresponding"  solutions,  so  far  as  the  proper- 
ties mentioned  are  concerred,  is  thus  inconsistent  with  the  possi- 
bility of  expressing  the  values  of  these  properties  in  terms  of 
the  state  of  ionization. 
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Both  Bender*  and  Briicknerf  obtained  their  results  from 
numerous  series  cf  observations,  in  each  of  which  a  solution  of 
given  concentration  of  one  salt  was  mixed  in  succession,  in  equal 
volumes,  with  a  number  of  solutions  of  different  concentrations 
of  a  second  salt  having  one  ion  in  common  with  the  first.  The 
values  of  the  property  under  consideration  were  determined 
both  for  the  siniple  solutions  and  for  the  mixtures,  and  the 
arithmetic  means  of  the  values  for  the  constituents  of  the 
several  mixtures  were  found.  Curves  were  then  plotted  with  S 
molecular  concentrations  of  the  simple  solutions  of  the  second 
salt  as  abseissai,  and  the  observed  values  for  the  mixtures  and 
the  arithmetic  means  of  the  values  for  the  constituents,  respec- 
tively, as  ordinates.  The  "  corresponding "  .solutions  were 
indicated  by  the  points  of  intersection  or  contact  of  these  curves. 
In  all  cases  the  two  curves  for  each  series  are  found  to  run  very 
close  together,  so  clo.se  that  it  is  impossible  to  determine  exactly 
at  what  points  they  touch  or  cross  ;  and  when  the  observational 
errors  admitted  by  the  authors  are  taken  into  account,  they 
must  be  considered  to  be  within  touching  or  crossing  distance 
at  considerable  distances  on  each  side  of  the  points  at  which 
Bender  and  Briickner  assumed  them  to  be  contact  or  to  inter- 
sect. I  have  plotted  a  number  of  these  curves  .so  as  to  indicate 
accurately  all  significant  figures,  and  have  found,  on  taking 
po.ssible  en  ors  of  observation  into  account,  that  in  no  case  can  a 
more  definite  conclusion  be  drawn  than  that  "  corresponding  " 
s61utions  have  pretty  nearly  the  simple  relations  as  to  concen- 
tration claimed  by  the  authors.  It  is  not  necessary  to  enter 
into  details  ;  but  I  may,  by  way  of  illustration,  give  the  follow- 
ing :— 


*  VVicd.  Ann.  xxii.  (1884)  p.  184.  and  xxxix,  (IS'JD)  p.  89. 
t  Tbiil.  xlii.  (1891)  p.  2!)3. 
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Molecular  Conceatrafionn  of  Corresponding  and  Imhydric 

Solutions. 


NivCl. 


KCl. 


Values  between 

wliii'h  curves  niiiy 

be  in  contact. 


Value  assigned 
by  Observer. 


Isohyrtric 
8ol\ition. 


CONDUCTIVITY  (BENDEK'S  onSEKVATIOXS). 


0.5 

0— l.O 

0.375 

0.47 

1 

0—1.1 

0.75 

O.HO 

2 

1.2-1.5 

1.5 

\.m 

H 

1.8  -2.55 

2.25 

2.20 

4 

2.0    :{.15 

3.0 

2.57 

VISCOSITY   (BRUCKNER'S  OBSERVATIONS). 


1 
2 


0  5  -1.9 
1.25-2.5 


1.0 
2.0 


1.2 
2.0 


The  fourth  column  of  the  above  table  gives  approximate 
values  of  the  conciuitration  of  the  solutions  of  KCl  (obtained 
from  Kohlrau.sch's  data)  which  are  i.sohydric  with  the  solutions 
of  NaCl  in  the  lirst  column ;  and  it  will  bo  noticed  that  in  most 
cases  tliese  values  are  within  the  limits  within  which  Bender's 
and  Briickuer's  curves  must  be  regarded  as  being  possibly  in 
contact. 

It  would  thus  appear  that  both  Bender  and  Bruckner  drew 
too  detinite  conclusions  fi'um  their  observations,  and  that  the 
obseivations  th<jmselves  are  not  inconsistent  with  the  applicabil- 
ity of  expression  (1^  to  the  physical  properties  of  solutions. 


AITLICATIONS   OF   THE    ASSUMED    LAW   OF    IONIZATION -CONSTANTS. 

K.Vno   AND    DIFFERKNCE   OF    THE    VALUES    OF  A    PROPERTY" 

FOR   SOLUTION    AND   SOLVENT, 

If  the  expression  under  consideration  is  applicable  to  solu- 
tions of  moderate  dilution  it  should  give  by  deduction  the  laws 
which  have  been  found  to  hold  for  particular  properties  of  such 


r^ 


!   ^,i 


.     i 
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solutions,  and  might  be  expected  to  be  of  use  in  showing  their 
relation  to  one  another,  1  need  not  refer  here  to  the  more 
obvious  of  such  deductions,  as,  for  example,  the  properties  ot 
non-electrolytes,  or  of  electrolytes  at  extreme  dilution,  but  may 
restrict  myself  to  cases  in  which  both  constants  k  and  I  play  a 
part. 

The  ratio  of  P  to  P.„  will  be 


=  1  + 


k  +  {1  -k)n 


P  P 


)l. 


For  dilute  electrolytes  throughout  a  certain  range  of  concentra- 
tion, and  through  a  wider  range  in  the  case  of  non-electrolytes, 
a  varies  but  slightly  with  n.  Throughout  such  range  the 
coefficient  of  n  in  the  above  expression  will  thus  vary  but 
slightly.     Hence,  n  being  small, 

k  +  (l-k)u 


tin 

lei 
©nl 

▼A 


of 


hi 

r 


n 


P 
P.. 


=  e 


A», 


approximately,  where  e  is  the  base  of  Napier's  logarithms  and 
A  a  constant.  Arrhenins,*  Reyherf  and  Wagner  J  have  found 
this  result  to  hold  in  the  case  of  the  viscosity  of  both  classes  of 
solutions. 

The  difference  between  P  and  P„,  will  be 

P-P^„=ik  +  (l-k]a)n. 

and  for  the  reason  just  given,  will,  throughout  a  certain  range 
of  low  concentration,  wider  in  the  case  of  non-electrolytes  than 
in  that  of  electrolytes,  be  approximately  proportional  to  n. 
This  form  of  the  expression  obviously  includes  such  laws  as 
Raoult's  for  vapour  tensions,  and  van  't  Hoft"s  for  the  depression 
of  the  freezing  point  in  non-electrolytes,  as  well  as  the  approxi- 
mate proportionality  of  the  rotation  of  the  plane  of  polarisation 
to  concentration.  It  has  recently  been  verified  by  Kohlrausch 
and  Hallwachs's  observations  on  density, §  they    having  found 

*  Ztschr.  f.  jihys.  (/hemic,  i,  (1887)  p.  285. 

t  Ibid.  ii.  (1888>,  p.  7.5'«. 

J  Ibid,  V,  (189(»),  p.  M. 

§  Wied.  Ann.,  liii,  (1804),  p,  3(5. 
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hat  between  concentrations  of  0.005  and  1  gramme-equivalent 
er  litre,  (P — P  ,)/*'  varies  in  the  case  of  certain  salts  and 
cids  only  by  from  5  to  20  per  cent,  and  in  the  case  of  sugar 
idy  l>y  1.5  per  cent. 


VARIATION    OF    TEMrKRATURE    AND    OTHER    COEFFICIENTS    WITH 

CONCENTRATION. 

The   temperature-coefficient  of  any  property'  of  a  solution 
df  Lnven  concentration  will  be 

liJPjV '^t        ^  ''<     '^(^ ^        (7) 

P  (5/  ~  "    P,^  +  kn  +  {l—ic)an  '  ' 

The    pressure-coefficient    will     have    the    same    form,   p   being 
written  for  /.     The  concentration-coefficient  will  l)e 


,,P    ^-M/-^)("+~n) 


(8) 

Vihi       P„, +A-/i4(Z-^-)f/n 

In  the  ci  s  of  a  solution  of  a  givtm  salt  of  given  concentration, 
temperature,  and  pressure,  a,  i),  atid  a's  rates  of  change  have 
definite  values  the  same  for  all  properties.  For  moderately 
dilute  solutions,  i^njM,  (5a/(5/>*,  and  '5«/rfn  are  all  small,  and  i^a/M, 
ind  rra/'5n  at  least  have  the  same  sign.  Also  the  ^•'s  and  i's  for 
th^  different  properties  all  depend  upon  the  mutual  action 
between  ujolecules  and  solvent,  and  may  thus  be  expected  to 
have  more  or  le.ss  closely  related  values.  We  may  therefore 
expect  not  only  that  the  coefficients  of  one  kind  for  the  various 
properties  of  solutions  of  a  <,'iven  salt  will  vary  with  concentra- 
tion in  a  somewhat  similar  mannL-r,  but  also  that  the  variation 
itith  concentration  of  all  the  coefHcients,  but  especially  the 
tempetature  and  pressuie-coefficients,  will  exhibit  a  certain 
limiily  likeness  It  is  obviously  not  to  be  expected  that  the 
Variation  will  be  exactly  similar  in  any  case. 

i;     This  family   likeness   has  been  observed  in  the  case  of  the 
\^mperature-coefficients  for  electrical  conductivity  and  fluidity 

^    *  I  hiivo  not,  soon  |{oiit(?on*s  jjiipnr,  t)n  whicli  the  shvtunicnt  that  ('iaji^p  is  small  is 
fiMod.     The  Forfschriltc  der  I'hi/sik  reports  Tamiiiiiiiti  us  (inoting  him  to  thiit  effect. 
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by  Grotrian*,  who  found  that,  in  general,  with  increasing 
concentration  both  of  these  temperature-coefficients  undergo 
chan<(es  in  the  same  sense.  Grossmannf  claimed  to  have  proved 
these  coefficients  to  bo  equal ;  but  afterwards  withdrew  the 
claim  as  based  on  an  error |.  Kohlrausch  and  Hallwachs  also 
have  noticed  for  very  dilute  solutions  a  close  similarity  between 
the  curves  representing  the  density  and  the  conductivity 
respectively  of  the  same  salt  as  functions  of  the  concentration. 

The  following  tables  show  that  this  family  likeness  extends, 
to  a  greater  or  less  extent,  to  all  the  coefficients  for  at  any 
rate  a  considerable  number  of  the  properties  of  solutions.  The 
tables  include  some  of  Grotrian's  coefficients  with  others  calcu- 
lated from  the  observations  of  Kohlrausch,  Bender,  Bruckner, 
Bother,  Rontgen  and  Schneider^,  Fink  ||,  and  Timberg  IF.  The 
coefficients  are  in  almost  all  cases  mean  values,  the  ranges  of 
temperature,  &c.,  to  which  they  apply,  though  che  smallest  for 
which  data  are  available,  being  not  in  all  cases  the  same.  As  I 
wish  to  show  only  a  general  similarity,  it  is  not  necessary  to 
specify  the  ranges.  The  temperatures,  &c.,  of  the  lower  limits 
of  the  ranges  are  also  not  in  general  exactly  the  same.  The  data 
of  the  tables  are  thus  not  exactly  comparable  ;  but  they  are 
sufficiently  so  for  my  purpose.  The  heading  n  stands  for 
gramme-oquiviilents  per  litre. 


-  VVicd.  .1/1/1.  viii.  (18"'J)  p.  ■')52. 
t  Ibid,  xviii.  (1H83)  p.  119. 

t  Sec  Kohlrausch,  Wied.  Ann.  xxvi.  (\m>)  p.  224. 
«  Wied.  .1/1/1.  xxix.  (188(il  p.  194. 
II  Ibid.  xxvi.  (188.i)  p,  oOo. 
If  Ibid.  XXX.  <1887)  p.  545. 
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A  glance  at  tliese  tables  shows  that  if  regard  be  had  to  sign, 
Grotrian's  conclusion  as  to  the  teuiperature-coefticients  for  con- 
ductivity and  fltjidity  applies  to  all  the  coetticients  for  all  the 
properties  tested.  A  given  change  in  the  concentration  pro- 
duces a  change  in  the  coefficients  \n  the  sanie  sense.  Too  much 
importance,  however,  must  not  be  attached  to  this  ;  for  it  is 
obvious  that  if  we  should  tabulate,  say,  the  coefficients  for  con- 
ductivity, surfp?p  tension,  viscosity  (instead  of  fluidity)  and 
specific  volume  (instead  of  density),  it  would  be  found  that  the 
changes  produced  in  the  first  two  are  in  the  opposite  sense  to 
those  produced  in  the  last  two.  It  is  interesting,  however,  to 
note  that  the  expectation  suggested  by  the  above  formulie  is 
distinctly  realized. 

At  very  great  dilution  of  electrolytes,  the  temperature-coeffi- 
cient becomes,  approximately, 

AJ'l^./•^'^i„:!!)/(l^„,./) w  * 

the  pressure-coefficient  having  the  same  form.      The  concentra- 
tion-coefficient becomes 
1  <'!» 

If  we  compare  (())  and  (10)  with  (7)  and  (8),  it  becomes 
obvious  that  the  variation  with  concentration  of  the  tempera- 
ture and  pressure  coefficients  will  probably  be  more  closely 
related  at  low  than  at  high  concentrations,  but  that  the  oppo- 
site will  be  true  of  the  concentration  coefficients.  Accordingly, 
having  plotted  Grotian's  coefficients  and  those  of  the  above  tables 
as  functions  of  the  concentration,  I  find  that  the  temperature 
coefficient  curves,  for  any  one  substance  in  solution,  are  in 
general  more  closely  similar  at  low  than  at  high  concentrations  ; 
but  that  this  is  not  the  case  for  the  concentration  coefficient 
curves.  I  the  case  of  the  pressure  coefficients  the  data  are 
insufficien* 

A  corresponding  similarity  holds  for  the  absorption  spectra 
of  solutions  though  it  cannot  be  expressed  in  coefficients.  In  a 
former  paper  *  I  have  shewn  that  for  all  solutions  for  which 

•  Trans.  Roy.  Soc.  Can.,  ix  (18911,  sec.  3,  r-  27. 
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data  were  available,  the  nliNOi'})tion  spectra  were  similarly 
aft'ected  by  elevation  of  temperature  and  increase  of  concen- 
tration. 


THE  OCCASIONAL  CONSTANCY  IN  TIIK  DIFKKRKNCE  IJKTWKEN  THE 
MOLE(;ULAU  VALUES  OF  I'llOI'EUTIKS  OK  SOLUTIONS  IIAVIN(; 
THE   SAME    MOLE(;ULAK  CONCKNTKATION. 

The  difference  between  the  values  per  giamme-etjuivalent  of 
any  property  for  two  simple  solutions,  1  and  2,  of  different 
electrolytes  but  of  the  same  concentration,  will  be 


(T,      l\)  I  n  -  /.•,     A',  )    (/,     A,)  «,      (/a     A-,) 


(11) 


No.v  a  in  all  cases  diminishes  as  n  increases.  Provided  there- 
fore, the  values  of  the  (i  — /i;)'s  have  the  same  sijijn,  and  the  rates 
of  change  of  the  «'s  with  concentration  are  inversely  propor- 
tional, or  approximately  so,  to  iha  {l  —  k)'H  of  their  respective 
.solutions,  we  shall  have  (Pj  —  Pj)/w  exactly  or  approximately 
con.stant.  If  we  regard  (Pj  — Pj)/n  as  approximately  constant 
when  its  absolute  value  changes  with  it  only  to  a  small  extent, 
then  the  more  nearly  the  (l  —  k'n)  and  the  a's  are  inversely 
proportional  to  one  another  the  more  nearly  constant  will 
(P^—V^)/n  be.  If,  however,  we  regard  this  quantity  as  con- 
stant when  its  values  f'>r  different  values  of  n  <liff'er  from  one 
another  by  only  a  small  percentage,  then  the  magnitude  of  the 
(i  —  A;)'s  becomes  of  importance,  and  we  may  have  (l\  —  I'^)/n 
approximately  constant,  even  though  the  (I  —  /i;)'s  may  be  far 
from  being  inversely  proportional  to  the  a's. 

In  the  case  of  certain  solutions  of  moderate  strength,  this 
approximate  constancy  of  (P^  — Pj)/?i  has  been  observed  by 
Valson  and  Bender*  for  the  density  and  the  refractive  index, 
by  Wagner -f  for  viscosity  constants,  and  by  Jahn+  for  the 
electro-magnetic  rotation  of  the  plane  of  polarization  ;  and  a 
very  close  approximation  to  constancy  in  the  case  of  the  specific 


•  Wied.  Ann.,  xxxix,  (1890),  p.  89. 

t  Ztsfhr.  f.  pliys.  Chonile,  v.  (1890>,  p.  .31, 

:  Wied.  Ann,,  xliii,  (1891),  p.  280. 
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gravities  of  very  dilute  solutions  is  clearly  shewn  in  the  results 
of  Kohlrausch  and  Hallwachs's  observations§. 

So  far  as  Sodium   and  Potassium  Chlorides  are  concerned, 
Bender  found  that  in  respect  to  their  density  at  15°  C. ; 

For    n    =  10  2  0  3-0 

(Pi-P^)/n    =  0243        -0249        -O^rA 

The  value  oU—k  for  NaCl  is  +001424  and  for  KCl  +001316, 
while  a  glance  at  the  first  table  (p.  221)  shows  that  the  ionisa- 
tion  coefficient  of  solutions  of  the  former  salt  falls  off'  with  the 
concentration  somewhat  more  rapidly  than,  indeed  for  some 
concentrations,  about  twice  as  rapidly  as,  in  the  case  of  the 
latter.  There  cannot,  therefore,  be  a  close  approximation  to 
constancy  in  the  absolute  values  of  (P^~P^)  /n,  but  as  these 
values  are  comparatively  large,  the  percentage  difference  between 
them  is  comparatively  small. 

For   the  thermal  expansion  of  these   salts   we    have    from 
Bender's  observations. 

For  n    =  1  1-5  2  2-5 

(Pi-Pj)//!     -         -OglOH        -O^K'i        ■{)^H\:i        -O^TS 


The  value  of  l-k  in  this  case  for  NaCl  is  +  0030l,and  for  KCl 
+  OO3I3.  There  is  thus  a  closer  approximation  to  equality  in 
the  values  of  (/.  —  k)^a|^n  for  the  two  salts,  for  thermal 
expansion  than  for  density.  Accordini^dy  the  absolute  differ- 
ences in  the  values  of  (P^  — P^)/*!  are  smaller  than  in  the  case 
of  density.  But  as  the  values  themselves  are  much  smaller,  the 
differences  between  the  values  when  expressed  as  percentages 
of  any  one  of  the  values  are  greater.  And  thus  the  approxima- 
tion to  constancy,  of  (Pj — V^)ln,  in  the  case  of  thermal 
expansion  is  not  so  great  as  in  the  case  of  density,  when 
judged  in  this  way. 

For  viscosity  i—k  for  NaCI  is  —0  0022  and  for  KCl 
—  00028.  The  values  of  {l—k)^a/An  will  thus  bo  less 
nearly  equal  than  in  the  case  of  the  thermal  expansion  and  the 


§Wied.  .l«n..  liii,   (1891),  p.  U. 
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differences  between  the  values  of  (P^ —  P^)  /n  will  be  somewhat 
greater  As  the  (Z  —  k)'s  in  this  case,  however,  are  more  than 
twice  as  great  as  in  the  case  of  thermal  expansion,  the  differ- 
ences in  the  values  of  (Pj  — Pa)/i*,  if  expressed  as  percentages 
of  one  of  them,  will  bo  smaller  than  in  the  case  of  thermal 
expansion.  Accorc^ingly  we  find  from  Bruckner's  observa- 
tions, 

For   n     =  0-5  10  lo  2()  2  r. 

(P, -Pa)/"     =        ■••allf'         ^h^'^        ■<>2'^ 

For  surface-tension  I  —  /.;  for  NaCl  is  — 0096  and  for  KCl 
—  0*116.  The  approximation  to  constancy  (judged  by  the  per- 
centage criterion)  will  thus  not  be  so  close  as  in  the  last  case. 
Rother's  observations  give,  by  graphical  interpolation. 

For   n     ---  1-0  1-5  20 

(Pi     !%)//»     =  -010  -on:}  0105 

For  refractive  index  I — k  for  NaCl  is  -|-0  0054  and  for 
KCl  -f 00091.  Thus  the  values  of  {l  —  k)^a|^n  for  the  two 
salts  are  much  more  nearly  equal  than  in  the  case  of  the  other 
properties  and  consequently  the  differences  in  the  values  of 
(P, —  P9) /w  will  be  smaller  than  in  the  case  of  the  other 
properties.     Bender's  observations  give  for  the  D  line, 

For   n.    =  10  2-0  ;i-0 


[P 


Pa)/" 


■0,20 


•0,,17 


•0„2t 


If  the  value  for  n  =  2  be  omitted  from  consideration,  as  being 
probably  in  error,  CPj — Pg) /^'  '^^  •^c^'^'  f'O  ^^  more  nearly  con- 
stant so  far  as  absolute  mairnitude  is  concerned  than  in  the  other 
cases  considered.  As  the  values  of  (Pi — Pg)/''*  however,  are 
small,  their  differences  when  expressed  as  percentages  are  com- 
paratively large,  and  the  approximation  to  constancy,  viewed  in 
this  way  is  less  than,  e.  g.,  in  the  case  of  density. 

The  above  account  of  this  phenomenon  may  be  further 
tested  by  the  aid  of  Kohlrausch's  observations  of  electrical 
conductivity  ;  for  in  this  case  I  —  /.'  is  the  molecular  con- 
ductivity   at     infinite    dilution     (usually    written    fij).       The 
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foUowinff  values  of  aifFerences  of  molecular  conductivity  will 
be  sufficient  : 


O^Ol 

0-5 
10 


(Pj-Pg)//*     VOK    CONmUITIVITY. 


H(M  and  NivCl. 


2451 
2:^70 
22<)i) 

2085 


HCl  and 


2:c« 

2280 
2Vi() 


A  H-8()^  and 

-        2        4 


18;{8 

1M)8 
1171 

1185 


Ak  NOg  and 
Na  ("1. 


+  ;K) 
+  21 

2J) 
(«) 


Compare  with  this  the  following  table  of  values  of  ft„  and 


«  :- 


The  approximate  constancy  holds  in  the  case  of  HUl  and 
iKgCOa,  because  fi^  for  HCl  being  more  than  twice  as  great  as 
for  ^fKgCOg,  «  for  the  latter  falls  ofi"  nearly  twice  as  rapidly 
as  for  the  former.  In  the  case  of  AgNO,  and  NaOl  there  is 
no  approximation  to  constancy,  because  the  values  of  (i^  being 
nearl}'  equal,  the  rates  at  which  «  varies  with  n  are  very 
unequal. 

THK  INDEPENDENCE  OF  THE  CONTUIIUITIONS  MADE  TO  THK 
VALUE  OF  A  PROPERTY  HY  THE  FREK  IONS. 

The  constant  /  for  a  salt  ai*  will,  according  to  the  dissocia- 
tion conception,  be  composed  additively  of  two  parts,  /„  and  Ip, 
pertaining  to  the  ions  a  and  j)  respectively,  and  these  constants 


?l 

IONIZATION- COEFFICIENTS    (a). 

HCl 

•076 
027 

•862 
•704 

NaCl 

//„  =  io:jo. 

iK.CO, 
/'„  =  14()0. 

f,^  =8700 

AkNO^. 
//oo-10JH>. 

•9:{:{ 

704 

•6<{8 
•582 

O^Ol 
0-1 
0  5 
10 

•o:ii 

•840 

7:i5 

•075 

•778 
•628 
520 
•471 

•772 

•518 
■W2 
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la  and  Ip  will  be  characteristic  of  the  ions  and  will  not  depend 
upon  the  salt  frcrn  which  they  have  been  dissociated.  A  certain 
amount  of  evidence  has  been  accumulated  which  may  be  said  to 
point  in  tliis  direction.  In  the  case  of  several  properties  it  has 
been  shown  that  for  solutions  of  considerable  dilution,  the 
ditierence  between  the  values  of  the  property  for  solutions  of 
two  salts  (ap  and  hj))  having  a  common  ion  and  the  same 
molecular  concentration,  is  independent  of  what  the  common 
ion  may  l^e  ;  and  the  value  of  the  difference  divided  by  the 
number  of  t^ranime-equivalents  per  litre  of  the  salts  in  solu- 
tion has  been  taken  to  l)e  approximately  the  difference  between 
the  constant .  la  and  /&.  Results  of  this  kind  have  been 
obtained  by  Valscn  and  Bender  for  density  and  refracting 
povv^•^,  b}'  Kohiiausoh  for  electrical  conductivity,  by  Raoult  for 
the  depression  of  the  fieezintj  point,  bv  Ttaube  *  for  the  clianue 
of  vjluine  otj  solution,  by  Rontgen  and  Schneider foi'  compress- 
ibility, ami  by  Jahn  for  the  electromagnetic  rotation  of  the 
plant!  of  polariza'ion. 

Appl>  i!ig  the  above  expie'^sioii,   we  have   for  de   difference 
ill  the  values  of  a  property  per  unit  of  molecular  concentration, 

i^ap-Pbp)  /»  =^  Kp  ( 1  -  V )  "  ^'bp  <  1-  "by  )  +  ^P  ("ap "  "bp  )  +  h'^ap-^ bp^  ( 12\ 


and  at  infinite  dilution 


(13) 


ap      ^  bp)l*^-^a'   ^6 

Had  the  experiments  referred  to  been  all  cairied  out  at  extreme 
dilution,  as  were  those  of  Koblraiiscli,  afterwards  extended  by 
Loeb  and  Nernst-f*,  the  evidence  would  be  quite  satisfactory. 
But  in  general  they  have  beetj  made  at  only  moderate  dilution, 
and  it  is  obvious  ftom  (12)  that  the  approxituate  independence 
of  the  common  ion  on  the  part  of  (P  — P.)/n,  may  be  quite 
consistent  with  considerable  variation  in  l^ — l^^.  It  is  clear  that 
the  first  tliree  terms  of  {\2)  nja,y  readily  niask  any  variation 
in  the  last  two,  and  that,  if  the  last  two  did   not   vary,  la  —  l^ 

could  not  ill  all  cases  be  the  same. 


*  Ztuchr.  (iiioriian.  Chimic,  iii.  (18!)2).  i>.  1 
t  ZtKclir./iir  fihi/N.  Chnniv,  ii.  (188S)  p.  !)1S. 
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That  no  satisfactory  conclusion  can  be  drawn  from  experi- 
ments of  this  kind,  unless  conducted  at  extreme  dilution,  may 
be  shown  roughly  in  the  case  of  density  by  the  aid  of  the 
results  obtained  above.  For  we  mav  assume  that  the  ionization- 
constants  for  density  obtained  above  will  not  be  very  different 
from  those  which  would  be  derived  from  observations  made  at 
greater  dilution*.  We  know  from  Kohlrausch  and  Hallwachs's 
observations  that  if  ap  and  bj)  represent  NaCl  and  ^NagCOg 
respectively,  (P  — P^^  )  jn  will  have  the  value  0  0139  for  solu- 
tions containing  005  grm. -equivalents  per  litre,  and  that  for 
NaCl  and  HCl  it  will  have  the  value  of  00235.  We  may 
assume  that  for  NaCl  and  KCl  it  v/ill  be  abou-  02.  From  the 
values  of  k  for  these  salts  we  find  the  first  two  terms  of  (12)  to 
be  0364.  If  we  assume  I  to  have  half  the  mean  value  of  I  for 
NaCl  and  KCl,  the  third  term  will  amount  to  — -O^GS.  The 
first  three  terms  thus  amount  to  about  "0354,  or  say  3  per  cent, 
of  the  value  of  (P    —  P.  /n.     Thus,  observations   of  the   kind 

^     ap  bp'  ' 

referred  to,  for  densit}',  could  give  no  s8<:lsfactory  result,  even  if 
conducted  at  this  very  great  dilution.  At  a  dilution  of  001 
gru). -molecules  per  litre,  the  first  three  terms  of  (12),  calculated 
in  the  same  way,  amount  to  Ogl,  or  aV)out  Oo  per  cent  of 
(P^  —  P^  )  jn.  A  proved  independence  of  p  at  this  dilution 
would  be  more  satisfactory. 

Observations  at  such  extreme  dilutions,  in  the  case  of  most 
properties  of  solutions,  are  probably  impracticable.  But  they 
are  fortunately  unnecessary  for  the  settling  of  the  question 
under  consideration.  For  if  the  values  of  the  ionization- 
constants  for  any  property  have  been  obtained  as  above  from 
observations  over  a  rariije  extending  to  i;'■*^a^  thou<jh  not  neces- 
sarily  extreme,  dilution,  the  values  so  obtained  may  fairly  be 
assumed  to  apply  very  approximat'ily  to  much  greater  dibitions  ; 

and  from  the  values  of  ^„  +  /^,  Z^  +  i^,  ^„  +  ^,y.  h'^^q^  ^^^•>  ^^'"*^ 
obtained,  it  may  readily  be  determined  whether  or  not  l^ — 1^^ 
is  independent  of  the  ions  p,  q,  etc.  Unfortunately,  Kohli  ausch 
and  Hallwachs's  observations  on  specific  gravity  are  not  suffi- 
ciently numerous  for  this  purpose. 

*  Mr.  E  H.  Archibald,  oneof  my  stiirtcMiiH,  (c'.U  vw  tliitt  fur  intiKi><3siunl  sulpluitc, 
Kohlrausch  and  Hall waclis's  data  Kive  A-  ^^  'OoOia  and  /  -  •iHi(i88". 
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THE    DETERMINATION   OF  THE   IONIZAT[()N-CONSTANTS   FOR    THE 

freb;  IONS. 

The  values  of  the  constants  l^,  I,,  l,„  etc.,   may  probably,  in 
.some  case.s   at  least,   be  determi.uxble   in   the    following  way  : 
The  experiments  just  refened  to  wouhl   give  l^-\-lp,  1,-\-Ip,  etc 
as  well  as  k     and  h.,  etc.      If  now.  guessing  at  the  value  ot  i^, 
we  find  the  ttrst  three  terms  of  (12)  t<,  be  negligible  at  mlutions 
at  which  P     and  P,   can  bedeternnned  with  sufficient  accu.acy, 
determination  of  these  quantities  will  give  the  value  ot  i^%p-l,at,; 
and  if  a     and  «,    be  known  with  sufficient  accuracy,  l^,  I,,  and  l^ 
may  theTi  be  found.    It  would  of  course  be  necessary  to  check  our 
cruess  at    the   value  of  l^  by  substituting  the  value  found    in 
expression  (12)  and  seeing  whether  or  not  with    this  value  the 
first  three  terms  would  be  negligible. 


